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Introduction {#sec001}
============

Oxidative stress is considered one of the key players in malabsorption and inflammation of the gastrointestinal tract (GIT) as seen in necrotizing enterocolitis (NEC) \[[@pone.0120485.ref001]\], celiac disease \[[@pone.0120485.ref002]\], inflammatory bowel disease (IBD) \[[@pone.0120485.ref003]\] and Crohn's disease \[[@pone.0120485.ref004]\]. Oxidative stress has been shown to be one of the underlying pathophysiological mechanisms in a variety of diseases \[[@pone.0120485.ref005]--[@pone.0120485.ref009]\]. Intra uterine growth retardation (IUGR) induces oxidative stress \[[@pone.0120485.ref010]\] in piglets, fuelling the search for new synthetic and natural antioxidants \[[@pone.0120485.ref011]--[@pone.0120485.ref014]\].

The intestinal epithelium serves as an important part of the first line defence and regulate passive diffusion of solutes and macromolecules. The intestinal barrier is composed of a single layer of columnar epithelial cells sealed by tight junctions. The tight junctions can be found close to the apical side of the paracellular space. These structures are affected by oxidative stress since the pathophysiology of a redox imbalance is characterized by disrupted tight junction complexes \[[@pone.0120485.ref015]--[@pone.0120485.ref018]\]. Disruption of the tight junctions enables free passage of macromolecules, endotoxins or pathogens such as fluorescein sodium \[[@pone.0120485.ref019]\], horseradish peroxidase \[[@pone.0120485.ref020]\], *Escherichia coli* (strains HB101 and F18) as well as *Salmonella typhimurium* \[[@pone.0120485.ref021]--[@pone.0120485.ref023]\]. Next to an impaired barrier function, oxidative stress also affects mitosis and apoptosis of intestinal epithelial cells \[[@pone.0120485.ref024]\]. Oxidative stress distorts the normal differentiation of epithelial cells from crypt to villus, as this transition is modulated by the ratio of glutathione disulfide to reduced glutathione (GSSG/GSH) and the ratio of cysteine to cystine (Cys/CySS) \[[@pone.0120485.ref025]\]. Thus, maintaining a balanced redox status is crucial to ensure an optimal intestinal physiology \[[@pone.0120485.ref026]\].

In this study, the porcine small intestinal epithelial cell line IPEC-J2 \[[@pone.0120485.ref027]\], derived from the jejunum of a neonatal unsuckled piglet, was used to mimic the porcine intestinal epithelium and to examine effects of a disturbed redox state in the GIT. IPEC-J2 cells represent a suitable *in vitro* model as they produce some glycocalyx-bound mucus proteins, cytokines, chemokines and display Toll-like receptors \[[@pone.0120485.ref028]--[@pone.0120485.ref030]\]. Growing this non-tumorigenic, non-transformed, permanent cell line in a two chamber set-up (Boyden chamber) highly resembles the *in vivo* situation, modelling the GIT lumen and the systemic circulation \[[@pone.0120485.ref020], [@pone.0120485.ref030]\]. Furthermore, this non-tumorigenic cell line provides important insight next to a transformed cell line as they react differently to oxidative stress.

This study aimed to present a functional *in vitro* model as a useful primary tool to analyse the effects of antioxidants and feed components on membrane integrity, permeability and (non)pathogenic translocation through an epithelial monolayer exposed to oxidative stress. Oxidative stress was induced by hydrogen peroxide (H~2~O~2~) and diethyl maleate (DEM). Trolox, a water-soluble form of vitamin E, ascorbic acid and glutathione monoethyl ester (GSH-MEE) were used to restore the impaired redox balance. Analogous to the *in vivo* situation, the integrity of this *in vitro* epithelium depends on the viability of cells and their interconnections, i.e. the tight junctions. Therefore, the transepithelial electric resistance (TEER) was determined to assess the functional integrity of the epithelial monolayer in combination with an FITC-conjugated dextran-4 (FD-4, 4 kDa) permeability assay. Furthermore, immunocytochemical staining with zona occludens-1 (ZO-1) was performed on IPEC-J2 cells to investigate the tight junction distribution. Cell viability and proliferation were monitored using the neutral red dye. In addition, our research showed applicability of CM-H~2~DCFDA in IPEC-J2 cells to investigate intracellular oxidative stress. This fluorescent probe has been previously used in different cell-based assays \[[@pone.0120485.ref031], [@pone.0120485.ref032]\]. HPLC technique was used as a direct method to determine the GSSG/GSH ratios. To our knowledge, this is the first study using the IPEC-J2 cell model to combine different modes of oxidative stress induction in relation to monolayer integrity, tight junction distribution, permeability, wound healing capacity, intracellular oxidative stress and GSSG/GSH ratio. Furthermore, 2 mM Trolox, 1 mM ascorbic acid, and 10 mM GSH-MEE were used to counteract or even fully remediate the detrimental effects of oxidative stress. Here, an integrated functional valuable tool is presented to investigate the effects of direct and indirect oxidative stress in relation to new synthetic or natural antioxidants and other feed components.

Materials and Methods {#sec002}
=====================

Cell line and culture conditions {#sec003}
--------------------------------

The IPEC-J2 cells (ACC 701, DSMZ, Germany) were cultured in DMEM/F-12 mix (Dulbecco's modified Eagle medium, Ham's F-12 mixture), 1.5 mM HEPES, 5% (v/v) fetal bovine serum, 1% (v/v) insulin-transferrin-selenium mixture, 1% (v/v) penicillin-streptomycin mixture and 2.5 μg/mL fungizone (Invitrogen, Belgium) (37°C, 5% CO~2~). The culture medium was refreshed every other day. When studying TEER and permeability, IPEC-J2 cells were seeded (1 x 10^5^/well) at confluence in a 'Boyden chamber' insert (upper chamber, apical) on a polyethylene terephthalate (PET) membrane (1.12 cm², pore size 0.4 μm, ThinCert, Greiner Bio-One, Belgium) in a 12-well plate (lower chamber, basolateral, 1 x 10^5^/well, flat bottom, Greiner Bio-One) to investigate the intracellular oxidative stress and wound healing capacity or in a 96-well plate (0.5 x 10^4^/well, flat bottom, Greiner Bio-One) to assess viability.

Induction of oxidative stress {#sec004}
-----------------------------

To induce oxidative stress, the cells were incubated with different concentrations of H~2~O~2~ or DEM (0--4 mM, Sigma-Aldrich, Belgium), which were added to the apical chamber for 1 hour. The stressor was removed by washing twice with DMEM/F-12 mix without additives (washing buffer). Concentrations of H~2~O~2~ and DEM were optimised for each specific experiment depending on the type of surface the cells were seeded upon.

Antioxidants to validate the *in vitro* model {#sec005}
---------------------------------------------

Cells were pre-treated (overnight, 18 h) with the antioxidant Trolox (2 mM), ascorbic acid (1 mM) or GSH-MEE (10 mM) (Sigma-Aldrich) to validate the *in vitro* model and prove its functionality. The incubation time and concentrations were established based on preliminary tests and literature data \[[@pone.0120485.ref033]--[@pone.0120485.ref039]\]. All antioxidants were dissolved in culture medium and filtered (0.2 μm, Acrodisc Syringe Filters with HT Tuffryn Membrane, PALL, USA) before application on the IPEC-J2 cells.

Intracellular oxidative stress {#sec006}
------------------------------

The intracellular oxidative stress was analysed using a ROS-sensitive probe, 5-(and-6-)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H~2~DCFDA) (Ex/Em: 492--495/517--527 nm) (Invitrogen, Belgium). The probe detects intracellular H~2~O~2~ and downstream products \[[@pone.0120485.ref040]\]. At confluence, the IPEC-J2 monolayer was pre-treated with (test group) or without (control group) antioxidants overnight. The next day, the cells were washed twice, incubated for 30 minutes with 750 μL of 8.67 μM CM-H~2~DCFDA (diluted in washing buffer) after which the cells were washed twice again. Subsequently, the cells were incubated with (test group) or without (control group) oxidative stressors for 1 h, washed twice and finally the culture medium was refreshed and equilibrated for 1 h. The cells were trypsinised, and washed twice with phosphate-buffered saline solution (PBS, pH 7.4, 0.01 M) by centrifugation (450 X g, 5 min). The cells were analysed using a flow cytometer (Coulter EPICS XL-MCL, Belgium). The viability was assessed by the addition of 1 μL GelRed (VWR, Belgium) per mL cell suspension. The unstained control consisted of cells that were only incubated with culture medium to determine the autofluorescence of the cells. The stained control consisted of cells incubated solely with reactive oxygen species (ROS) detection probe to account for the ROS generated by the normal/basal energy metabolism of the cell. All analyses were performed according to flow cytometry standard procedures and for each sample at least 10,000 cells were measured. Flow cytometric data analysis was performed using FlowJo version 10.0.6 (Treestar, Ashland, USA).

GSSG/GSH ratio {#sec007}
--------------

Glutathione (GSH) serves as a major endogenous antioxidant and is predominantly in the reduced state in body cells. As such, a low oxidized to reduced glutathione ratio is present. The GSH and GSSG concentrations of IPEC-J2 extracts were determined by HPLC using γ-Glu-Glu as internal standard solution, as described by Reed et al. (1980) and Yoshida (1996) \[[@pone.0120485.ref041], [@pone.0120485.ref042]\].

IPEC-J2 cells were pre-treated with or without antioxidant overnight followed by an oxidative stress treatment of 1 h. Then the cells were first deproteinised by a 10% (v/v) perchloric acid (PCA) solution before derivatization. The derivatization procedure included the reaction of 100 mM iodoacetic acid solution with thiols to form S-carboxymethyl derivatives followed by chromophore derivatization of primary amines with Sanger's reagent, i.e. 2,4-dinitrofluorobenzene (1% (v/v) in ethanol). GSH and GSSG were then separated by HPLC through an EC250/4.6 Nucleosil 120--7 NH~2~ aminopropyl column (Machery-Nagel, Düren, Germany) protected by the same NH~2~ guard column (CC8/4). Chromatographic runs were performed at a flow-rate of 1.5 mL/min, starting at 80% solvent A / 20% solvent B for 5 min followed by a 10 min linear gradient to 1% solvent A / 99% solvent B and a 10 min isocratic period at 1% solvent A / 99% solvent B. The column was then re-equilibrated to the initial conditions for 15 min. (solvent A: water-methanol solution (1:4, v/v), solvent B: 0.5 mol/L sodium acetate--64% methanol). The column temperature is maintained at 40°C. The UV detector was set at 365 nm for absorption measurements. GSH and GSSG were identified by retention times of authentic standards. Concentrations were determined by using the internal and external standards and expressed as μg/mL cell extract.

Viability (neutral red) {#sec008}
-----------------------

The cells were pre-treated with or without antioxidants overnight for 18 h. The cells were washed twice and incubated with or without an oxidative stressor for 1 h and washed twice again. Neutral red dye (Janssen Chimica, Belgium) was prepared as a 0.1% (w/v) stock solution and diluted 1/10 with washing buffer. After removing the culture medium, 100 μL washing buffer plus 50 μL 0.01% (w/v) neutral red dye was added to each well, and incubated for 2 h (37°C, 5% CO~2~). Afterwards, the cells were washed twice with PBS. The neutral red dye is retained in lysosomes of living cells \[[@pone.0120485.ref043]\]. This dye is then extracted from the cells using 100 μL of a 50% (v/v) ethanol solution (in 0.05 M NaH~2~PO~4~). The absorbance was measured at 550 nm using a spectrophotometer (Tecan Genios).

Transepithelial electrical resistance (TEER) {#sec009}
--------------------------------------------

When the IPEC-J2 monolayer was confluent (≥ 1 kΩcm²) \[[@pone.0120485.ref044]\], the cells were pre-treated with or without antioxidants for 18 h. The cells were washed twice and incubated with an oxidative stressor for 1 h. The oxidative stressor was removed by washing the cells twice. The cells were incubated overnight with growth medium to achieve stable TEER values. TEER was determined using a Millicell-ERS electrical resistance system with STX01 electrodes (Millipore, Belgium) and calculated as kΩ x cm^2^ by multiplying by the surface area of the monolayer (1.2 cm^2^). Since TEER was quickly affected by changes in temperature, pH and washing steps, data were only collected after a stabilisation period of 1 or 2 days. The baseline resistance of a ThinCert porous membrane was approximately 50 Ωcm^2^. This value was subtracted from all TEER data.

Permeability assay {#sec010}
------------------

When the IPEC-J2 monolayer was confluent (≥ 1 kΩcm²), the cells were pre-treated with or without antioxidants overnight. The next day, the cells were washed twice and incubated with (test group) or without (control group) an oxidative stressor for 1 h. The cells were washed twice again. The permeability assay started when 500 μL culture medium containing 50 μg FD-4 (Sigma-Aldrich) was added to the apical chamber. The basolateral chamber was filled with 1.5 mL culture medium (37°C, 5% CO~2~). The FD-4 was allowed to permeate overnight (18 h) from the apical to basolateral chamber. Subsequently, 100 μL of the basolateral chamber was transferred to a 96-well plate to measure the amount of permeated FD-4 using a fluorospectrophotometer (Ex/Em: 490 / 520 nm). The acquired data were processed using Magellan data analysis software (Tecan Genios, Belgium) \[[@pone.0120485.ref020]\].

Immunocytochemistry staining {#sec011}
----------------------------

IPEC-J2 cells grown for 2 weeks on poly-L-lysine coated glass coverslips were oxidatively stressed with 1 mM H~2~O~2~ or 4 mM DEM for 1 h. The cells were washed twice with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde (PFA) for 30 min at room temperature (RT), and washed again three times for 5 min in PBS enriched with 0.2% Tween-20. The cells were permeabilized for 1 h in PBS with 0.2**%** Tween-20, 0.2% Triton X-100 at RT, and washed three for 5 min in PBS with 0.2% Tween-20. Non-specific binding sites were blocked for 1 h at RT in PBS with 1% skim milk powder, 10% normal goat serum (NGS), 2.25% glycine (0.3 M) and 0.2% Tween-20. The cells were incubated overnight with a polyclonal rabbit anti-zona occludens-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA), diluted 1:50 in PBS with 0.2% Triton X-100, 0.2% Tween-20 and 10% NGS at 4°C, and washed again three times for 5 min in PBS with 0.2% Tween-20. Subsequently, the cells were incubated with biotinylated goat anti-rabbit antibody (Dako, Glostrup, Denmark), diluted 1:200 in PBS with 0.2% Triton X-100, 0.2% Tween-20 and 10% NGS for 1 h at RT. After three times washing for 5 min, the cells were incubated with streptavidin-horseradish peroxidase (Dako), diluted 1:200 in PBS with 0.2% Triton X-100, 0.2% Tween-20 and 10% NGS for 1 h at RT, and washed again twice for 5 min in PBS with 0.2% Tween-20 and once with double distilled water for 5 min. A positive reaction was visualized by incubating the cells with the 3,3′-diaminobenzidine chromogen (Dako) for 1--5 min at RT. The monolayers were counterstained by Carazzi's haematoxylin and cover slipped. Negative controls were obtained by omitting the primary antibody and replacing it by normal serum. Microscopic evaluation was performed using a BX 61 microscope (Olympus, Belgium) equipped with a DP 50 camera (Olympus). The surface area of the wound was measured using the analySIS-Pro software (Olympus).

Wound healing assay {#sec012}
-------------------

Cells were seeded (1 x 10^5^/well) in a 12-well plate (flat bottom, Greiner Bio-One). The cells were pre-treated with or without antioxidants overnight. The next day, the cells were washed twice and incubated with or without an oxidative stressor for 1 h. After exposure to oxidative stress, a wound was made by scratching a confluent monolayer with the tip of a 100 μL pipette. Non-adherent cells were washed off. Six hours after introduction of the wound, pictures were taken at three fixed locations of the wound using a CKX41 inverted microscope (Olympus, Belgium) equipped with a UC30 camera (Olympus). The surface area of the wound was measured using the analySIS-Pro software (Olympus).

Statistical analysis {#sec013}
--------------------

Data are expressed as means ± standard error (SE) (n≥3), where n refers to the number of replicate experiments in time. SPSS Statistics 20 was used for statistical evaluation (SPSS software, IBM, USA). Non-parametric data were analysed using the Kruskal-Wallis test. Parametric data were analysed using a one-way analysis of variance (ANOVA) followed by post hoc tests (Bonferroni) of significance wherever the variance ratio was significant. A *p* value of \< 0.05 was considered statistically significant.

Results {#sec014}
=======

H~2~O~2~ and DEM increase intracellular oxidative stress {#sec015}
--------------------------------------------------------

Incubating the cells with 0.5 mM H~2~O~2~ induced intracellular oxidative stress (*p*\<0.001) ([Fig. 1A](#pone.0120485.g001){ref-type="fig"}). Pre-treatment with either 2 mM Trolox or 1 mM ascorbic acid prior to the 0.5 mM H~2~O~2~ treatment significantly reduced the intracellular oxidative stress assessed by the mean fluorescence intensity (MFI) (*p*\<0.001), with no significant difference between both antioxidant-treated groups. Similarly, the 4 mM DEM-treatment increased the intracellular oxidative stress significantly (*p*\<0.001) ([Fig. 1B](#pone.0120485.g001){ref-type="fig"}). Pre-treatment with either 2 mM Trolox (*p*\<0.001), 1 mM ascorbic acid (*p*\<0.001) or 10 mM GSH-MEE (*p* = 0.007), significantly reduced the MFI, with no significant difference between antioxidant-treated groups.

![H~2~O~2~ and DEM induce intracellular oxidative stress in IPEC-J2 cells.\
IPEC-J2 cells were pre-treated with or without the antioxidants Trolox, ascorbic acid or GSH-MEE and loaded with CM-H~2~DCFDA probe prior to oxidative stressing. A: 0.5 mM H~2~O~2~, B: 4 mM DEM for 1 h. Results are presented as means ± SE, n = 3. Significant differences between treatments are represented by different letters. T: 2 mM Trolox pre-treatment, AA: 1 mM ascorbic acid pre-treatment, G: 10 mM GSH-MEE pre-treatment.](pone.0120485.g001){#pone.0120485.g001}

H~2~O~2~ and DEM differentially affect the GSSG/GSH ratio {#sec016}
---------------------------------------------------------

Exposure to 0.5 mM H~2~O~2~ did not show any significant effect on the intracellular GSH concentration (data not shown), nor did it affect the GSSG/GSH ratio ([Fig. 2A](#pone.0120485.g002){ref-type="fig"}). DEM is used as an indirect oxidative stressor by irreversibly binding to glutathione and thereby significantly decreasing the intracellular pool of glutathione (data not shown). The GSSG/GSH ratio of the 4 mM DEM-treated IPEC-J2 cells was significantly increased compared to the standard control cells (*p*\<0.001). Pre-treatment using 2 mM Trolox or 1 mM ascorbic acid did not result in a significant reduction of the GSSG/GSH ratio ([Fig. 2B](#pone.0120485.g002){ref-type="fig"}).

![Effect of H~2~O~2~ and DEM on the intracellular oxidation state of glutathione.\
IPEC-J2 cells were pre-treated with or without the antioxidants Trolox or ascorbic acid and incubated with A: 0.5 mM H~2~O~2~, B: 4 mM DEM for 1 h. Glutathione (GSH) and glutathione disulphide (GSSG) concentrations were analysed using HPLC. Results are represented as means ± SE, n = 3. Significant differences between treatments are represented by different letters. T: 2 mM Trolox pre-treatment, AA: 1 mM ascorbic acid pre-treatment.](pone.0120485.g002){#pone.0120485.g002}

H~2~O~2~ and DEM decrease IPEC-J2 cell viability {#sec017}
------------------------------------------------

Exposure to 1 mM H~2~O~2~ (*p*\<0.001) and 4 mM DEM (*p*\<0.001) for 1 h resulted in acute cytotoxicity of IPEC-J2 cells ([Fig. 3A-B](#pone.0120485.g003){ref-type="fig"}). Trolox (2 mM) pre-treatment significantly increased the viability in 1 mM H~2~O~2~-treated cells (*p*\<0.005) and DEM-treated cells (4 mM) (*p*\<0.001) ([Fig. 3A-B](#pone.0120485.g003){ref-type="fig"}). 1 mM ascorbic acid pre-treatment significantly increased the viability in 4 mM DEM-treated cells (*p*\<0.001) ([Fig. 3B](#pone.0120485.g003){ref-type="fig"}), but not in 0.5 mM H~2~O~2~-treated cells ([Fig. 3A](#pone.0120485.g003){ref-type="fig"}).

![Viability of H~2~O~2~ and DEM-treated IPEC-J2 cells pre-treated with antioxidants.\
IPEC-J2 cells were pre-treated with or without the antioxidants Trolox or ascorbic acid and incubated with A: 1 mM H~2~O~2~, B: 4 mM DEM for 1 h. Results are represented as means ± SE (n = 4), normalized to the control treatment. Significant differences between treatments are represented by different letters. T: 2 mM Trolox pre-treatment, AA: 1 mM ascorbic acid pre-treatment.](pone.0120485.g003){#pone.0120485.g003}

H~2~O~2~ and DEM decrease membrane integrity {#sec018}
--------------------------------------------

TEER was assessed to measure the functional integrity of the epithelial monolayer. Increasing concentrations of both oxidative stressors decreased the TEER values in a concentration-dependent manner ([Fig. 4A-B](#pone.0120485.g004){ref-type="fig"}). Exposure to 1 mM H~2~O~2~ significantly reduced the TEER (*p*\<0.001) and none of the antioxidant pre-treatments were able to salvage this effect ([Fig. 4C](#pone.0120485.g004){ref-type="fig"}). However, 2 mM Trolox pre-treatment increased numerically but not significantly the TEER compared to the 1 mM H~2~O~2~-stressed cells, whereas 1 mM ascorbic acid and 10 mM GSH-MEE pre-treatment did not show this trend. 10 mM GSH-MEE control had a negative effect on the monolayer integrity, as it significantly decreased the monolayer integrity compared to control values (*p* = 0.021). DEM treatment (4 mM) caused a significant reduction in TEER (*p*\<0.001). However, this was rescued by all antioxidant pre-treatments resulting in higher TEER values compared to the 4 mM DEM-stressed cells (*p* = 0.002) ([Fig. 4D](#pone.0120485.g004){ref-type="fig"}).

![Membrane integrity of H~2~O~2~ and DEM-stressed IPEC-J2 cells with or without antioxidants pre-treatment.\
Membrane integrity, assessed by transepithelial electrical resistance (TEER) was determined after an overnight incubation with plain growth medium in order to stabilise the TEER values. A: TEER is significantly reduced when incubated with 1 mM H~2~O~2~ or more (*p*\<0.001). B: TEER is significantly reduced when incubated with 2 mM DEM or more (*p*\<0.001). Results are represented as means ± SE, n = 3. IPEC-J2 cells were pre-treated with or without the antioxidants Trolox, ascorbic acid or GSH-MEE and incubated with C: 1 mM H~2~O~2~, D: 4 mM DEM for 1 h. Results are represented as means ± SE, n = 4. The dotted black line marks the confluency threshold of 1 kΩcm². Significant differences between treatments are represented by different letters. T: 2 mM Trolox pre-treatment, AA: 1 mM ascorbic acid pre-treatment, G: 10 mM GSH-MEE pre-treatment.](pone.0120485.g004){#pone.0120485.g004}

H~2~O~2~ and DEM increase membrane permeability {#sec019}
-----------------------------------------------

Our data showed that the permeability of FD-4 increased depending on the concentration of both H~2~O~2~ and DEM ([Fig. 5A-B](#pone.0120485.g005){ref-type="fig"}). In 1 mM H~2~O~2~-stressed cells, 1 mM ascorbic acid and especially 2 mM Trolox pre-treatment resulted in a significant reduction of the amount of permeated tracer (2 mM Trolox: *p* = 0.001, 1 mM ascorbic acid: *p* = 0.005) ([Fig. 5C](#pone.0120485.g005){ref-type="fig"}). However, 2 mM Trolox pre-treatment was more effective than the 1 mM ascorbic acid pre-treatment (*p*\<0.001). GSH-MEE pre-treatment (10 mM) was unable to significantly reduce the amount of permeated tracer. There was no significant difference between 1 mM ascorbic acid and 10 mM GSH-MEE pre-treatments. No antioxidant was able to reduce the permeability to control values (*p*\<0.001). DEM-treatment (4 mM) significantly increased the FD-4 permeability compared to all other treatments (*p*\<0.001) ([Fig. 5D](#pone.0120485.g005){ref-type="fig"}). All antioxidant pre-treatments were able to significantly reduce the membrane permeability (*p*\<0.001), but none were able to reduce to control values. 2 mM Trolox pre-treatment was significantly more effective than the 1 mM ascorbic acid and 10 mM GSH-MEE pre-treatments (*p*\<0.001), with no significant difference between these two pre-treatments.

![Membrane FD-4 permeability of H~2~O~2~ and DEM-stressed IPEC-J2 cells with or without antioxidant pre-treatment.\
Membrane permeability was quantitated one day after oxidative stressing by measuring the amount of FD-4 that permeated through the IPEC-J2 monolayer. A: FD-4 permeation is significantly increased when incubated with 1 mM H~2~O~2~ or more (*p*\<0.001). B: FD-4 permeation is significantly increased when incubated with 2 mM DEM or more (*p*\<0.001). Results are represented as means ± SE, n = 3. IPEC-J2 cells were pre-treated with or without the antioxidants Trolox, ascorbic acid or GSH-MEE and incubated with C: 1 mM H~2~O~2~, D: 4 mM DEM for 1 h. Results are represented as means ± SE, n = 4. Significant differences between treatments are represented by different letters. T: 2 mM Trolox pre-treatment, AA: 1 mM ascorbic acid pre-treatment, G: 10 mM GSH-MEE pre-treatment.](pone.0120485.g005){#pone.0120485.g005}

H~2~O~2~ and DEM change the tight junction distribution {#sec020}
-------------------------------------------------------

The effect of H~2~O~2~ and DEM on tight junction distribution was investigated by immunocytochemical staining. Zona occludens-1 (ZO-1), a tight junction-associated protein was studied in relation to oxidative stress. Microscopic illustrations show the presence of ZO-1 in the IPEC-J2 control cells that were not oxidatively stressed ([Fig. 6A](#pone.0120485.g006){ref-type="fig"}). Moreover, the tight junction proteins are not only present at the cell-cell contact complexes but are also diffusely present in the cell. Dividing cells show a redistribution of the tight junctions present in the cell without affecting the cell-cell contacts ([Fig. 6A](#pone.0120485.g006){ref-type="fig"}). However, when IPEC-J2 cells are oxidatively stressed by 1 mM H~2~O~2~ the IPEC-J2 cell morphology changes as vesicles appear and tight junction presence increases in the cell body ([Fig. 6B](#pone.0120485.g006){ref-type="fig"}). Only minor changes in cell-cell contact are detected although the distribution of the tight junction proteins in the H~2~O~2~-treated cells differs completely from the control cells. DEM-treated IPEC-J2 cells present a large increase in loss of tight junction proteins from the cell-cell contact complexes, together with a redistribution of the tight junction proteins of the cell body ([Fig. 6C](#pone.0120485.g006){ref-type="fig"}).

![H~2~O~2~ and DEM affect the tight junction distribution in IPEC-J2 cells.\
Immunocytochemical staining with ZO-1 of IPEC-J2 cells was performed to investigate the effect of A: no treatment, B: 1 mM H~2~O~2~ or C: 4 mM DEM for 1 h on the tight junction distribution. The arrowheads point towards the tight junction-associated protein ZO-1 at the cell-cell contact complex. The dotted circle marks the tight junction distribution in an IPEC-J2 cell. The dotted square focusses on the increased presence of vesicles, especially seen in dividing or H~2~O~2~-stressed cells. Scale bar: 30 μm.](pone.0120485.g006){#pone.0120485.g006}

H~2~O~2~ and DEM compromise the wound healing capacity {#sec021}
------------------------------------------------------

Inducing oxidative stress in IPEC-J2 cells significantly impaired wound healing capacities (1 mM H~2~O~2~: *p*\<0.001, 4 mM DEM: *p* = 0.006) ([Fig. 7A-B](#pone.0120485.g007){ref-type="fig"}). Antioxidant pre-treatments significantly increased wound-healing capacities (2 mM Trolox: *p* = 0.001, 1 mM ascorbic acid: *p* = 0.016) ([Fig. 7A](#pone.0120485.g007){ref-type="fig"}). The impairment of the wound healing capacity of IPEC-J2 cells by oxidative stress and the beneficial effect of antioxidant pre-treatment is visualised by representative microscopic illustrations ([Fig. 8](#pone.0120485.g008){ref-type="fig"}). Moreover, cells treated with antioxidants prior to 0.5 mM H~2~O~2~ exposure regained a wound healing capacity comparable to antioxidant control cells. In 4 mM DEM-stressed cells, only 2 mM Trolox pre-treatment significantly increased the wound healing capacity (*p* = 0.025) ([Fig. 7B](#pone.0120485.g007){ref-type="fig"}). However, 2 mM Trolox pre-treatment was unable to restore the healing capacity to its respective control value. On the other hand, 1 mM ascorbic acid pre-treatment did not significantly increase the wound healing capacity. Finally, 2 mM Trolox showed to be more potent in promoting the regenerative capacity compared to 1 mM ascorbic acid (*p* = 0.033).

![Wound healing capacity of H~2~O~2~ and DEM-stressed IPEC-J2 cells pre-treated with antioxidants.\
IPEC-J2 cells were pre-treated with or without the antioxidants Trolox or ascorbic and incubated with A: 0.5 mM H~2~O~2~, B: 4 mM DEM for 1 h. Results are represented as means ± SE, n = 4. Significant differences between treatments are represented by different letters. T: 2 mM Trolox pre-treatment, AA: 1 mM ascorbic acid pre-treatment.](pone.0120485.g007){#pone.0120485.g007}

![Microscopic representation of the wound healing capacity of H~2~O~2~ and DEM-stressed IPEC-J2 cells pre-treated with antioxidants.\
IPEC-J2 cells were pre-treated with or without the antioxidants Trolox or ascorbic and incubated with A: 0.5 mM H~2~O~2~, B: 4 mM DEM for 1 h. The microscopic illustrations show the start of the wound healing assay (T = 0) and the final measuring point after 6 h (T = 6). AO: antioxidant treatment, ROS: oxidative stress inducer, T: 2 mM Trolox pre-treatment, AA: 1 mM ascorbic acid pre-treatment.](pone.0120485.g008){#pone.0120485.g008}

Discussion {#sec022}
==========

Oxidative stress impairs cellular function {#sec023}
------------------------------------------

ROS are generated as by-products of energy metabolism through the electron transport chain reactions in mitochondria and originate from other endogenous or exogenous sources \[[@pone.0120485.ref045]\]. However, oxidative stress can lead to an imbalance of the redox state impairing the cellular functionality by disrupting signalling pathways, DNA, proteins and lipid structures. Our data confirm a basal oxidative status in normal proliferating IPEC-J2 cells (stained control). This research showed that both 0.5 mM H~2~O~2~ and 4 mM DEM cause extensive intracellular oxidative stress in IPEC-J2 cells. To date, only H~2~O~2~ has been used as a direct oxidative stressor in IPEC-J2 cells \[[@pone.0120485.ref046]--[@pone.0120485.ref048]\], however without significantly reducing the intracellular oxidative stress by antioxidant pre-treatment \[[@pone.0120485.ref046]\]. The use of 0.5 or 1 mM H~2~O~2~ was optimized for each experiment and the chosen concentration depended on the sensitivity and timeframe of a specific experiment in order to investigate different antioxidants. In contrast to H~2~O~2~ which directly induces oxidative stress, DEM can be considered an indirect oxidative stressor since it irreversibly binds to glutathione, thereby depleting intracellular glutathione and diminishing the cells' oxidant scavenging capacity \[[@pone.0120485.ref049]\]. This is the first report of DEM being used as an indirect oxidative stress inducer in IPEC-J2 cells. It has only been used in Caco-2 cells previously \[[@pone.0120485.ref050]\]. Our data confirm that 4 mM DEM effectively decreased the intracellular GSH pool and significantly increased the GSSG/GSH ratio in IPEC-J2 cells.

These results also confirm that oxidative stress caused by H~2~O~2~ or DEM is detrimental for IPEC-J2 cell viability and the capacity to regenerate. Exposure to H~2~O~2~ or DEM decreased the viability of the IPEC-J2 cells in a concentration-dependent manner. Previous research using 4\',6-diamidino-2-phenylindole (DAPI) staining showed that 0.5--1 mM H~2~O~2~ results in minimal necrosis of IPEC-J2 cells \[[@pone.0120485.ref047]\]. On the other hand, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay showed significant decrease in IPEC-J2 cell viability when treated with 1 mM H~2~O~2~ \[[@pone.0120485.ref046]\]. Our data corroborate the latter findings, 1 mM H~2~O~2~ resulted in significant cell death. Regeneration capacity was significantly decreased by 0.5 mM H~2~O~2~ and 4 mM DEM. Intestinal epithelium can be injured by oxidative stress despite its barrier function \[[@pone.0120485.ref051]\]. Our findings demonstrate that an increase in oxidative stress resulted in a decreased wound healing capacity of the IPEC-J2 cells, comparable to a compromised intestinal restitution process.

TEER experiments focus on the functional integrity of a monolayer of cells and thus the stability of the tight junctions. H~2~O~2~ promotes tyrosine phosphorylation of different components in the tight junction complex, rendering the tight junctions unstable \[[@pone.0120485.ref015]--[@pone.0120485.ref018], [@pone.0120485.ref052], [@pone.0120485.ref053]\]. This results in a concentration-dependent decrease in TEER values \[[@pone.0120485.ref017], [@pone.0120485.ref047]\], which has also been demonstrated in this study. It has been demonstrated that 0.15 mM DEM can prevent H~2~O~2~-induced changes in TEER and mannitol flux in Caco-2 cell monolayers \[[@pone.0120485.ref054]\]. The latter study showed that 0.15 mM DEM did not significantly affect the TEER or mannitol flux. Our data confirm the previous study as the TEER and FD-4 permeability were only significantly affected starting from 2 mM DEM, whereas only 0.15 mM DEM was used in the previous study. Our research clearly shows a concentration-dependent effect of DEM on membrane integrity as assessed by TEER and FD-4 flux. Immunocytochemical staining of H~2~O~2~ and DEM-treated IPEC-J2 cells showed a redistribution of tight junction-associated protein ZO-1 and corroborate our findings that oxidative stress affects the functional integrity of the IPEC-J2 cell monolayer. The overall morphological changes in these IPEC-J2 cells are likely to be a direct result of the oxidative stress induced by 4 mM DEM or 1 Mm H~2~O~2~.

This research shows that IPEC-J2 cells are affected by H~2~O~2~- or DEM-induced oxidative stress in a concentration-dependent manner as determined by their viability, TEER and FD-4 permeability, regeneration capacity and intracellular oxidative stress measurement.

Reduction of direct and indirect oxidative stress in IPEC-J2 cells {#sec024}
------------------------------------------------------------------

IPEC-J2 cells were pre-treated overnight (18 h) with 2 mM Trolox, 1 mM ascorbic acid or 10 mM GSH-MEE to increase the cells' total antioxidative status. Prolonged exposure to antioxidants was chosen to resemble the *in vivo* situation more closely in which the intestinal mucosa and epithelial cells are exposed to nutritional antioxidants for longer periods of time during the digestive process. However, this depends on the bioaccessibility and bioavailability of a compound and the digestion time of the food matrix being studied \[[@pone.0120485.ref055]\].

Antioxidants can also induce oxidative stress depending on surrounding reactants and their concentrations. It has previously been demonstrated that ascorbic acid induces lipid peroxidation of biological membranes in the presence of physiologic metal ions, albeit this could be prevented by co-incubation with Trolox \[[@pone.0120485.ref056]\]. Therefore, specific antioxidant concentrations were investigated in the present study to avoid induction of oxidative stress by the antioxidants itself without affecting their potential to reduce the oxidative stress caused by H~2~O~2~ or DEM (data not shown).

Cai et al. (2013) reported that pre-treatment with lipoic acid did not significantly reduce the intracellular oxidative stress after 1 hour of 1 mM H~2~O~2~ treatment in IPEC-J2 cells \[[@pone.0120485.ref046]\]. In order to establish a functional platform to analyse new antioxidants or feed compounds, there is need for a reference antioxidant. Our data clearly indicate that both antioxidants, Trolox (2 mM) and ascorbic acid (1 mM) can significantly reduce the intracellular oxidative stress induced by 0.5--1 mM H~2~O~2~ or 4 mM DEM.

Incubating IPEC-J2 cells with either 1 mM H~2~O~2~ or 4 mM DEM caused acute cytotoxicity. This research shows that long-term antioxidant pre-incubation is an effective strategy to positively affect wound healing capacity, viability, intracellular oxidative stress, monolayer integrity (TEER and FD-4 permeation) of IPEC-J2 monolayers. These results validate this model as a powerful tool to investigate other antioxidants or feed components in relation to the basal oxidative status of the gut epithelium.

Our data show that the rescue effect of antioxidants in DEM-treated cells in general is more pronounced than in H~2~O~2~-treated cells. In DEM-treated cells only the function of glutathione is irreversibly blocked giving rise to an increase of oxidative stress. Antioxidant incubation can possibly counteract this effect more efficiently compared to oxidative stress caused by H~2~O~2~ incubation, as this stressor directly affects multiple cellular structures at once. The effect of DEM is indirect and confined to only a part of the cellular antioxidant system, namely glutathione. Incubation of different concentrations of DEM showed a "cut-off point" where the loss of functional glutathione started to affect the overall antioxidant status. In comparison, different concentrations of H~2~O~2~ resulted in a more gradual decline in antioxidative capacity. Therefore, the increase in antioxidative capacity by pre-incubation with 2 mM Trolox or 1 mM ascorbic acid showed to be sufficient to increase the cells' capacity to counteract the effect of the oxidative stress caused by DEM. Furthermore, the use of different doses of oxidative stressors, 4 mM DEM and 0.5--1 mM H~2~O~2~ could influence the potential of antioxidants to alleviate the detrimental effects of oxidative stress.

GSH-MEE pre-treatment (10 mM) has shown its potential to increase the intracellular GSH level prior to incubation with 4 mM DEM by significantly decreasing the intracellular oxidative stress and FD-4 permeability and significantly increasing the TEER. FD-4 permeability decreased and TEER increased only in 4 mM DEM-stressed cells when pre-treated with 10 mM GSH-MEE and not in H~2~O~2~-treated cells. This emphasises the specificity of this compound designed to counteract DEM-mediated effects. Our data confirm previous research that elevating the intracellular GSH concentration does not increase the cells\' overall ability to withstand oxidative damage by H~2~O~2~ \[[@pone.0120485.ref057]\]. Unfortunately, 10 mM GSH-MEE alone significantly decreased the TEER of the IPEC-J2 cells. Therefore, 10 mM GSH-MEE pre-treatment was excluded from the wound healing assay, GSSG/GSH assay and viability assay for both stressors, as well as from the intracellular oxidative stress test using H~2~O~2~. Moreover, neither 2 mM Trolox nor 1 mM ascorbic acid pre-treatment was able to prevent significant depletion of the intracellular GSH pool in 4 mM DEM-treated cells.

Our data demonstrate that 2 mM Trolox and 1 mM ascorbic acid can be used to protect the tight junction complex. Both 2 mM Trolox and 1 mM ascorbic acid pre-treatment significantly reduced FD-4 permeation in both 1 mM H~2~O~2~- and 4 mM DEM-stressed cells. However, 2 mM Trolox pre-treatment was significantly more effective than the 1 mM ascorbic acid pre-treatment. 2 mM Trolox and 1 mM ascorbic acid pre-treatments rescued TEER only in 4 mM DEM-treated cells. Ascorbic acid easily diffuses into the cell, while the transfer of Trolox into the cell is possibly hampered by its partial hydrophobic nature. Therefore, Trolox might be retained partially within the cellular membranes. Consequently, it will be in close proximity to the tight junction complexes where it can more easily defuse the direct oxidative effect of H~2~O~2~ on these protein structures. This could explain why the antioxidant effect of 2 mM Trolox is more effective than 1 mM ascorbic acid when investigating the integrity and permeability of an epithelial monolayer. On the other hand, the differential effects could also be attributed to the different antioxidant doses used or other dissimilarities in chemical properties (e.g. redox potential) between Trolox and ascorbic acid.

The regeneration capacity of IPEC-J2 cells was halted by oxidative stress, but was overcome by antioxidant pre-treatment. Both 2 mM Trolox and 1 mM ascorbic acid controls showed a significant reduction in wound size over time. IPEC-J2 cells have been previously used in a wound healing assay to elucidate the beneficial effect of sodium butyrate on diarrhoea in weanling piglets \[[@pone.0120485.ref058]\]. In the latter study, 4 mM sodium butyrate supplementation enhanced wound healing and exerted antioxidant properties that were significantly larger compared to 10 mM ascorbic acid when used as a control. However, 10 mM ascorbic acid promoted the upregulation of several antioxidative parameters more extensively compared to 4 mM sodium butyrate. Nonetheless, sodium butyrate could be a valid candidate to be tested in our model as it also protects HT29 tumour cells from H~2~O~2~-induced DNA damage \[[@pone.0120485.ref059]\].

Antioxidant pre-treatment with 2 mM Trolox or 1 mM ascorbic acid was able to partially prevent or even completely salvage the detrimental effects caused by H~2~O~2~ and DEM. This integrated model can be used as an *in vitro* tool to screen different feed additives, antioxidants or other compounds of interest prior to *in vivo* evaluation.
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